Visible photoluminescence from plasma-synthesized Si O2-buffered Si Nx films : Effect of film thickness and annealing temperature by Xu, M et al.
Visible photoluminescence from plasma-synthesized Si O 2 -buffered Si N x films:
Effect of film thickness and annealing temperature
M. Xu, S. Xu, J. W. Chai, J. D. Long, Q. J. Cheng, Y. C. Ee, and K. Ostrikov 
 
Citation: Journal of Applied Physics 103, 053512 (2008); doi: 10.1063/1.2884531 
View online: http://dx.doi.org/10.1063/1.2884531 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/103/5?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
The influence of the SiO 2 interlayer on transfer characteristic in tin oxide thin film transistor 
AIP Conf. Proc. 1399, 199 (2011); 10.1063/1.3666324 
 
Phase transformation behaviors of Si O 2 doped Ge 2 Sb 2 Te 5 films for application in phase change random
access memory 
Appl. Phys. Lett. 92, 142110 (2008); 10.1063/1.2898719 
 
Electroluminescent and carrier transport mechanisms of Mg x Zn 1  x O  Si heterojunctions 
J. Appl. Phys. 102, 083106 (2007); 10.1063/1.2798602 
 
UV photoimprinting of channel waveguides on active Si O 2 – Ge O 2 sputtered thin films 
Appl. Phys. Lett. 89, 121102 (2006); 10.1063/1.2355472 
 
Structure, twinning behavior, and interface composition of epitaxial Si ( 111 ) films on hex- Pr 2 O 3 ( 0001 )  Si (
111 ) support systems 
J. Appl. Phys. 98, 123513 (2005); 10.1063/1.2149186 
 
 
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
131.181.251.130 On: Mon, 14 Jul 2014 02:04:12
Visible photoluminescence from plasma-synthesized SiO2-buffered SiNx
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The effect of the film thickness and postannealing temperature on visible photoluminescence PL
from SiNx films synthesized by plasma-assisted radio frequency magnetron sputtering on SiO2
buffer layers is investigated. It is shown that strong visible PL is achieved at annealing temperatures
above 650 °C. The optimum annealing temperature for the maximum PL yield strongly depends on
the film thickness and varies from 800 to 1200 °C. A comparative composition-structure-property
analysis reveals that the PL intensity is directly related to the content of the Si–O and Si–N bonds
in the SiNx films. Therefore, sufficient oxidation and moderate nitridation of SiNx /SiO2 films during
the plasma-based growth process are crucial for a strong PL yield. Excessively high annealing
temperatures lead to weakened Si–N bonds in thinner SiNx films, which eventually results in a lower
PL intensity. © 2008 American Institute of Physics. DOI: 10.1063/1.2884531
I. INTRODUCTION
The observation of visible photoluminescence PL in
porous silicon has stimulated researchers to explore effective
silicon-based light-emitting materials. Various methods1–6
have been extensively used in preparing these materials to
form Si+ implanted SiO2 films, Si-rich SiO2 films, or
Si /SiO2 multilayers. Recently, a substantial effort has been
focused on nanoparticle films e.g., nanoparticle arrays and
superlattices and mesoporous films owing to apparent sim-
plicity and cost efficiency of self-assembly processes.7,8
SiNxOy Refs. 9 and 10 and SiNx Refs. 11 and 12
alloys feature a wide energy bandgap and excellent mechani-
cal properties and as such are regarded as ideal silicon-based
compounds to achieve high-yield visible PL. Liao et al.13
first reported intense PL emission from C+-implanted
SiNxOy. More recently, Qiu et al.14 observed a clear en-
hancement of blue emission of SiNxOy-capped silicon nano-
wire arrays. Visible PL and white electroluminescence from
amorphous silicon nitride films have also been reported by
Molinari et al.15 and Pei et al.,16 respectively.
Earlier, we reported on strong visible PL from SiO2 films
grown by chemical vapor deposition CVD using a mixture
of reactive tetraethyl orthosilicate TEOS, SiOC2H54 and
O2 gases followed by high-temperature annealing.17 Another
effective approach to synthesize luminescent SiNx films is to
use low-temperature thermally nonequilibrium plasma-
assisted radio frequency rf magnetron sputtering of high-
purity Si targets in ambient reactive N2 gas. Furthermore,
there is a clear indication that PL from silicon nitride films
can be significantly enhanced by introduction of a SiO2
buffer interlayer and subsequent high-temperature annealing
in ambient nitrogen gas.18 However, it still remains unclear
at what optimum annealing temperatures the PL is the stron-
gest, how does this temperature depend on the SiNx film
thickness, and what physical mechanisms are responsible for
the PL enhancement.
This paper extends the results of the earlier Letter18 and
sheds some light on the above issues. Specifically, the effect
of the annealing temperature on visible PL from the SiNx
films of different thicknesses buffered by a SiO2 interlayer is
investigated and explained invoking arguments related to the
interfacial diffusion, Si–N bond availability, and Si /SiO2 in-
terface passivation. The results of this study are highly rel-
evant to the development of effective Si-based photolumi-
nescent materials.
This paper is structured as follows. In the following sec-
tion, most important details of the plasma reactor, film prepa-
ration, and process conditions are given. Section 3 is devoted
to the study of the effects of the film thickness and annealing
temperature on photoluminescent properties of
SiO2-buffered silicon nitride nanofilms. Possible physical
mechanisms that explain the dependence of the optimum an-
nealing temperature on the film thickness are discussed in
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Sec. IV. The article concludes with Sec. V where the results
are summarized and the outlook for future research is given.
II. EXPERIMENTAL DETAILS
SiNx films have been deposited on Si100 substrates
using a custom-designed low-frequency inductively coupled
plasma assisted rf magnetron sputtering system, which is an
essential element of the Integrated Plasma-Aided Nanofabri-
cation Facility IPANF.19,20 The plasma reactor used in this
work is unconventional and features plasma densities in one
to two orders of magnitude higher than in conventional rf
magnetron sputtering devices. A schematic diagram of the
IPANF system used in this experiment is shown in Fig. 1. In
this facility, the plasma production and magnetron sputtering
are decoupled and can be controlled independently by vary-
ing the inductive power and rf magnetron sputtering power.
The inductive rf power 460 kHz is delivered via a quartz
window on the top of the chamber. The rf magnetron power
13.56 MHz is applied to a sputtering electrode holding a
high-purity, sintered Si target of a diameter of 12 cm. An
externally heated substrate stage is positioned in the chamber
midplane approximately 15 cm beneath the quartz window.
A mixture of high-purity N2, Ar, and H2 gases was let in the
chamber, preevacuated to a base pressure of 10−5 Pa by
using a combination of rotary and turbomolecular pumps. In
this study, the samples are deposited at rf magnetron sputter-
ing power 500 W, inductive rf power 800 W, substrate tem-
perature 400 °C, and gas flow rate of N2: Ar: H2=6.4: 35.2:
9.6 SCCM SCCM denotes cubic centimeter per minute at
STP. A 630 nm thick SiO2 buffer was grown prior to SiNx
deposition. The growth rate of SiNx film has been derived
from the film thickness divided by the deposition time and
was approximately 7–8 nm /min. The silicon nitride film
thickness in these experiments ranged from 150 to 800 nm.
After deposition, the samples have been cut into small
specimens of a typical size of 105 mm2. Annealing is un-
dertaken in ambient N2 gas for 20 min at temperatures be-
tween 650 and 1200 °C. A Renishaw micro-Raman System
1000 is used to measure PL at room temperature 300 K.
The system uses an Ar+ laser excitation source with
514.5 nm incident radiation and power of up to 10 mW. The
PL detector on time was 10 s. Fourier-transform infrared
FTIR spectroscopy is employed to characterize the micro-
structure of the films in the range 400–4000 cm−1 with a
resolution of 4 cm−1; a Perkin Elmer Spectrum One FTIR
spectrometer is used for this purpose. Chemical bonding
states and elemental composition are analyzed by x-ray pho-
toelectron spectroscopy XPS calibrated using emission
from the 4f7/2 state of Au.
III. PHOTOLUMINESCENCE AT DIFFERENT FILM
THICKNESSES AND ANNEALING TEMPERATURES
Figure 2 shows the room-temperature PL spectra of as-
grown and annealed SiO2-buffered SiNx samples under Ar+
laser excitation 514.5 nm. One can see that the strongest
PL peaks of all samples appear within the range
590–730 nm. For the samples annealed at temperatures
above 650 °C, all PL spectra appear to consist of multiple
peaks. For a 150 nm thick SiNx film buffered by SiO2, the
FIG. 1. Color online Schematic of low-frequency inductively coupled
plasma assisted rf magnetron sputtering system.
FIG. 2. Color online Variation of the PL peaks of the SiNx /SiO2 films with
the annealing temperature: a SiNx 150 nm /SiO2 film; b SiNx
800 nm /SiO2 film.
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strongest emission is observed in the spectral range
600–620 nm, with two relatively weak peaks at approxi-
mately 575 and 690 nm. However, after annealing at
800–9000 °C, the emission at 600–620 nm becomes much
stronger whereas PL at other peak wavelengths is weakened.
The PL band at 610–690 nm originates from silicon dioxide
at the Si /SiOx interface whereas the peak at 690–730 nm is
attributed to the presence of silicon suboxide or to silicon
nanoparticle-related quantum size effects.21 The 570–575
and 660–690 nm bands are presumably due to microscopic
defects in SiO2 Ref. 6 and Si suboxide, respectively. As
such, the observed emission from the thin SiNx film after
annealing at 800–9000 °C is mainly related to silicon diox-
ide.
For the 800 nm thick SiNx film, the emission at around
700 nm is also strengthened with increasing Tanneal based on
the deconvolution of the PL spectrum not shown here.
When Tanneal is at 900 °C, the emission intensity at 680 nm
is comparable with that at 620 nm. After annealing at
1000 °C, the emission intensity at 670 nm becomes higher
than that at 620 nm. Furthermore, annealing at 1200 °C
causes the strongest PL peak to shift to 630–640 nm, and the
emission at 575 and 720 nm becomes weaker.
The effect of the annealing temperature Tanneal on the PL
peak intensity of the SiO2-buffered SiNx samples is shown in
Fig. 3. One can see the PL intensity increases dramatically at
temperatures above 650 °C, irrespective to the thickness of
the SiNx film. For a 150 nm thick SiNx film buffered by
SiO2, the PL intensity reaches a maximum at Tanneal
=800 °C. A further increase of the annealing temperature
leads to a significant reduction of the PL intensity. The PL
intensity drops to 30% of its peak value at 1000 °C and
increases slowly thereafter. However, for the 800 nm thick
SiNx film, the emission intensity monotonically increases
with the annealing temperature. In fact, it shows a tendency
to reach saturation when Tanneal is increased up to 1100
1200 °C.
Raman scattering analysis has been applied to examine
the structural evolution of the samples with the increasing
annealing temperature. Figure 4 shows Raman spectra of the
SiNx /SiO2 films at different annealing temperatures. One can
see that no broad peak below 500 cm−1 is observable, which
indicates that the contribution of the amorphous phase to the
Raman scattering is negligible. It is noteworthy that Raman
spectra of thin SiNx films buffered by SiO2 and of the
Si100 substrate appear to be almost the same; this suggests
that there are no Si crystallites within the silicon dioxide
matrix.22,23 All of the Raman peaks from silicon are located
at 520 cm−1 transverse optical mode22,23 and have a full
width at half maximum FWHM of 6 cm−1. When Tanneal is
increased to 800 °C, the intensity of Raman scattering
reaches a maximum for the 150 nm thick SiNx film, indicat-
ing that the thickness of the SiO2 film has substantially de-
FIG. 3. Color online Variation of the PL peak at 590–620 nm intensity
with the annealing temperature curves a and b and effect of the interfacial
diffusion on the PL intensity curves c and d. curve a: SiNx 800 nm /SiO2
film; curve b: SiNx 150 nm /SiO2 film; curve c: SiNx 800 nm /SiO2 film;
curve d: SiNx 150 nm /SiO2 film.
FIG. 4. Color online Raman spectra of the SiNx /SiO2 films at different
annealing temperatures: a SiNx 150 nm /SiO2 film; b SiNx
800 nm /SiO2 film.
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creased. Above this temperature, the Si peak starts to de-
crease. For the 800 nm thick SiNx film, the intensity of
Raman scattering reaches a maximum after annealing at
1000 °C. This is because the thickness of the SiNx film will
decrease due to the decrease of defect in the film as Tanneal
increases at not high temperature. On the other hand, the
thickness of the SiO2 film has substantially decreased due to
the up diffusion of O in the SiO2 film. In this case, the total
thickness of the SiNx /SiO2 films decreases. However, as the
annealing temperature increases up to the higher tempera-
ture, the surface oxidation of SiNx film will cause the in-
crease of the total thickness of SiNx /SiO2 films. As such,
there exists a minimum thickness of the SiNx /SiO2 films as
Tanneal increases, which causes a maximum in Raman scatter-
ing from the substrate.
In order to further substantiate the Raman measure-
ments, FTIR has been employed to characterize the elemen-
tal bonding in the SiNx /SiO2 films. Figure 5 shows the FTIR
spectra of the samples at different annealing temperatures.
All the spectra exhibit the characteristic absorption peak at
about 820 cm−1, which appears due to bending vibrations of
Si–O–Si bonds; this peak is almost independent of the an-
nealing temperature.24,25 Another peak at approximately
1080 cm−1 is attributed to stretching vibrations of Si–O–Si
bonds.24,25 In comparison to the FTIR spectra of SiO2, the
bending vibration peak of Si–O–Si bonds slightly shifts to-
ward larger wave numbers, possibly due to the existence of
asymmetric stretching vibrations of Si–N bonds. Moreover,
an absorption peak at around 950 cm−1, which corresponds
to the vibration frequency of the Si–N bonds, was also ob-
served. The intensity of this peak monotonically decreases
with Tanneal. Meanwhile, a strong decrease has been observed
when Tanneal exceeds 800 or 1000 °C for the 150 and 800 nm
thick silicon nitride films, respectively. In the spectra of the
150 nm thick SiNx film buffered by SiO2, this peak almost
disappears as Tanneal is increased to 1200 °C. Additionally, an
absorption peak at around 1220 cm−1, which corresponds to
the vibration frequency of SiO3, was observed for all
samples. The intensity of this peak is almost independent of
the annealing temperature.
IV. DISCUSSION
We will now interpret the experimental observations of
the previous section and propose some viable physical
mechanisms that might be responsible for the observed phe-
nomena. To do this, we note that, generally speaking, the
upper surface layer is usually regarded as a source of lumi-
nescence and its composition is a decisive factor that deter-
mines the peak wavelength and intensity of the PL. There-
fore, XPS analysis has been employed to investigate the
chemical bonds and composition of the topmost layer of the
SiNx /SiO2 film. The quantitative composition analysis re-
sults are given in Table I. Below 800 °C, the concentration
of Si atoms in the thinner 150 nm SiNx film slightly in-
creases with the annealing temperature. However, at tem-
peratures above 800 °C this trend is reversed. On the other
hand, the concentration of N decreases monotonically at
higher Tanneal whereas the opposite is true for the concentra-
tion of O. For the thick SiNx film, the concentrations of Si
and N monotonically decrease with increasing Tanneal, and the
FIG. 5. Color online FTIR spectra of the SiNx /SiO2 films at different
annealing temperatures: a SiNx 150 nm /SiO2 film; b SiNx
800 nm /SiO2 film.
TABLE I. Surface composition of 150 and 800 nm thick SiNx on SiOx buffer analyzed by XPS.
Tanneal °C
As grown 800 1200
150 nm 800 nm 150 nm 800 nm 150 nm 800 nm
Si % 53.67 55.39 54.44 55.90 51.12 51.85
O % 14.00 15.70 24.38 21.94 31.60 30.48
N % 32.33 28.91 21.18 22.16 17.28 17.67
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concentration of O monotonically increases as Tanneal is in-
creased. This is because, as the annealing temperature in-
creases up to the higher temperature, the surface oxidation of
SiNx film increases so that the XPS results show a decrease
of the Si concentration at high annealing temperature. This
variation is in accordance with the results of Raman scatter-
ing.
The effect of postannealing on the PL from thick SiNx
films buffered by SiO2 can best be understood as follows.
First, photoexcited carriers are generated in Si-rich as-grown
SiNx films. However, due to poor surface oxidation, the
amount of PL centers is clearly insufficient for any signifi-
cant radiative recombination of the carriers. As Tanneal in-
creases, surface oxidation becomes more pronounced due to
upward diffusion of oxygen from the carbon dioxide buffer
layer through the SiNx /SiO2 interface. At higher annealing
temperatures the interface becomes smoother and more con-
ducting to oxygen due to a reduced number of interface de-
fects. These factors contribute to a larger number of PL cen-
ters and, hence, lead to increased emission intensity.
The compositional analysis by XPS confirms the pro-
posed scenario. Indeed, after annealing at 1200 °C, SiNx
films still remain rich in silicon. On the other hand, the FTIR
results reveal that the oxidation in the SiNx films monotoni-
cally increases at higher annealing temperatures. Moreover,
Si–N bonds still exist in the SiNx film annealed at 1200 °C.
Therefore, a sufficient amount of photoexcited carriers gen-
erated in Si-rich SiNx recombine with luminescent centers
within the Si oxide layer. This results in strong PL emission
from thick SiNx films buffered by SiO2 after annealing at
1200 °C.
The XPS analysis of the top surface layer suggests that
there is almost no dependence of the elemental composition
on the silicon nitride film thickness. On the other hand, there
are no resolved PL peaks in the spectra of pure SiNx films
see Fig. 2 for the as-grown film and the film annealed at a
temperature above 650 °C. This indicates that the effect of
interfacial diffusion on the PL from the SiNx /SiO2 film is
crucial.
The effect of interfacial diffusion on the PL has been
estimated by subtracting the PL of the SiO2 buffer from that
of the SiNx /SiO2 film. Curves c and d in Fig. 3 quantify how
the contribution of the interfacial diffusion to the PL inten-
sity changes with Tanneal in the 800 and 150 nm thick SiNx
films, respectively. This contribution exhibits a temperature
dependence very similar to the PL in SiNx /SiO2 films
curves a and b in Fig. 3. For the thinner SiNx film, the
effect of the interfacial diffusion on the PL in the SiNx /SiO2
film appears to be stronger. Therefore, the thinner the SiNx
layer, the lower Tanneal is required to achieve the maximum
PL intensity in the SiNx /SiO2 films.
This can be attributed to the fact that oxidation at very
high annealing temperatures causes a strong decrease of the
number of Si–N bonds which effectively control the PL
intensity18 so that the Si /SiOx interface cannot be effec-
tively passivated. In this case, the probability of photoexcited
carriers to recombine upon reaching the PL emission centers
decreases. This eventually results in a reduced PL intensity at
very high annealing temperatures, in accord with the experi-
mental results of Sec. III.
V. CONCLUSIONS
To summarize, we have conducted a comparative inves-
tigation of the annealing temperature-dependent visible PL
from SiO2-buffered SiNx films with a different thickness. For
a thinner 150 nm SiNx film, the maximum PL yield was
obtained at 800 °C whereas in the thicker 800 nm SiNx
film the highest emission intensity was observed at a sub-
stantially higher temperature of 1200 °C. The composition
and structure analysis revealed that sufficient oxidation and
moderate nitridation are required to achieve strong PL from
SiNx /SiO2 films. On the other hand, excessively high anneal-
ing temperatures cause a strong decrease of the number of
Si–N bonds in the thinner SiNx film, and hence reduce the
PL intensity. These results are useful for the development of
advanced optoelectronic and photonic functionalities and
nanodevices based on luminescent nitrides and related
nanomaterials.26–29 Future work will be focused on the prop-
erties and stability of PL in the shorter wavelength range, as
well as the dependence of photoluminescent properties of
SiNx /SiO2 and related nanomaterial systems on the plasma-
based process parameters.
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